I. INTRODUCTION
This paper is a continuation of our study of whether Rarita-Schwinger fields can be consistently gauged. In an earlier paper [1] we introduced a model in which a massless spin-3 2 field is coupled to a spin-1 2 field with a coupling parameter with dimensions of mass, and showed that this model, unlike the standard Rarita-Schwinger theory, can be gauged without introducing singularities at zero gauge field. A detailed discussion of motivations, and earlier references, is given in the introductory section of [1] and will not be repeated here; suffice it to say that the question of the gauging of Rarita-Schwinger fields is of long standing, and is of interest both from the vantage point of the possible use of a gauged spin-3 2 sector in unified models, and the theory of gauge anomalies of spin-3 2 fields. Despite admitting a perturbative expansion, and permitting calculation of the gauge anomaly, the coupled model was shown in [1] to have a number of non-standard features: (1) The zero external field plane wave solutions are not all eigenvectors of the wave matrix, but rather, some of the plane wave solutions are only Jordan canonical form eigenvectors. (2) There are tachyonic propagation modes in the presence of external fields. ( 3) The Dirac brackets are non-positive. We suggested in [1] that some of these problems may be cured when dynamical symmetry breaking is taken into account. For example, the tachyonic modes could be a signal that the model is unstable against symmetry breaking giving the fields of the model masses and altering the propagating modes in the presence of gauge fields. And such symmetry breaking could lead to a Lee-Wick [3] * Electronic address: adler@ias.edu resolution of the negative metric problem, for example by making the negative metric sector modes unstable against decay into positive metric sector modes.
To assess whether these suggestions are viable will require a further detailed study of the dynamics of the interacting theory. But a first essential step is to understand the free field, zero gauge coupling structure of the model in detail, and that is the purpose of this paper. In Section II, we give a systematic mode analysis in momentum space, determine the equal time anticommutator algebra of the creation-annihilation operators, and isolate the indefinite metric sector. In Section III, we study the left-chiral propagator, its relation to time-ordered products of fields, and its construction from the action of creation and annihilation operators on the vacuum, and the Hamiltonian time evolution of these operators. Brief conclusions are given in Section IV.
II. MODE ANALYSIS A. Lagrangian, field equations, and anticommutators
The Lagrangian density and Euler-Lagrange equations of the model in manifestly covariant form are
with ψ µ the spin-3 2 Rarita-Schwinger field and λ the spin-1 2 field. From taking ∂ µ of the second line we find that λ obeys a free massless Dirac equation,
and comparison with the third line then shows that ψ ν obeys the constraint
In terms of the left chiral reduction, Eqs. (2) and (3) are
B. Momentum space analysis
Let us now write the field equations in momentum space. For the covariant equations, we write
giving in momentum space
Similarly, for the left chiral equations we write
giving in momentum space (with Ω = k 0 )
In [1] we wrote Eqs. (11) in terms of a wave operator [W ] acting on Ψ and ℓ and found the Jordan eigenmodes, which are given in Table I (with Ω reversed in sign from [1] ). In this table, we have 
To rewrite the canonical anticommutation relations of Eq. (7) in terms of the mode creation and annihilation operators
while the unit Pauli spin operator has the expansion
Substituting the Fourier representation of the Dirac delta function
into the right-hand side of Eq. (7), and substituting the expansions of Eqs. (13), (15), (17), and (18) into the left-hand side of Eq. (7), we get the following results: The anticommuators are given
with C ij a numerical matrix the entries of which are zero except for the nonzero elements shown in Tables II, III , and IV, with the matrix element a given by
We see that the off-diagonal entries in the 1 − 5 and 2 − 6 sectors correspond to the Jordan blocks that appear in Table I . 
As noted in [1] , the anticommutators of Eq. (7) require an indefinite metric Hilbert space. To show the indefinite metric structure explicitly, we diagonalize the anticommutator matrices M III and M IV given in Tables III and IV . The characteristic equation for both is
with roots given by
We now define diagonalized operators in the 2 − 6 and 1 − 5 sectors by 
which obey
Here F ± are given by
and obey 
III. PROPAGATOR STRUCTURE A. Left chiral propagator
In [1] we constructed the manifestly covariant propagator derived from the Lagrangian density of Eq. (1). In this section we construct the corresponding left chiral propagator. We start from the left chiral action given in Eq. (9) of [1] , which rewritten in momentum space takes the form
withM the matrixM
The propagator for the coupled fields is the matrixÑ that is inverse toM,
Recalling that ψ µ = ψ † µ iγ 0 , ℓ = ℓ † iγ 0 , the simplest way to calculateÑ is by left chiral projection from the covariant form given Eqs. (67)- (70) of [1] , by making the substitutions
(1 + γ 5 ) the right and left chiral projectors. Defining
and remembering that k 2 = ( k) 2 − (k 0 ) 2 = K 2 − Ω 2 , we get
Substituting these intoÑ of Eq. (29), and using Eq. (28), one can verify thatÑ is the inverse of M. Related to the fact that Ψ 0 = σ · Ψ, we find that the entries in Eq. (32) obey the constraint
The corresponding constraint relations obeyed by the entries N 1ρσ and N 2ρ of the covariant propagator N of Eq. (69) of [1] are
The presence of inhomogeneous terms in Eqs. (33) and (34) is a reflection of the fact that the action inversions to obtain the covariant and left chiral propagators are done before enforcing the constraint Ψ 0 = σ · Ψ; this constraint is a consequence of the equations of motion following from the action but is not substituted back into the action. When m → ∞, from the Lagrangian in Eq.
(1) we see that the constraint is enforced off shell (i.e., without use of the equations of motion) and the inhomogeneous terms then all vanish.
B. Normalization constant relating N to the Fourier transform of the time ordered product
According to standard quantum field theory, we expect the left chiral propagator N to be the Fourier transform of the time ordered product of fields, up to a normalization constant that we now determine. That is, we expect to find relations
We will elaborate on this correspondence in subsequent sections, where we use it to determine the action of the creation and annihilation operators on the vacuum state |0 . But first we must check the consistency of Eq. (35) with the anticommutation relations of Eq. (7), and use this to determine the constant c.
To do this we use the equation of motion of Eq. (5), which after elimination of Ψ 0 by use of the constraint on the first line of Eq. (4) can be written as
Applying the differential operator ∂ 0 δ jp − M jp to the first line on the left-hand side of Eq. (35), we get
So consistency with Eq. (35) requires 
with θ(x 0 ) the Heaviside step function. Taking c = i, the right-hand side of the first line with
In the denominators we have introduced the usual Feynman iǫ prescription to give the rule for moving the poles at k 2 = 0 off the real Ω = k 0 integration axis, to k 0 = K − iǫ and k 0 = −K + iǫ, with K = | k|. This integration has the unusual feature of having a double pole in k 2 − iǫ, which is not seen in the usual textbook propagators but is also encountered in quantum electrodynamics in covariant gauges [2] . Carrying out the k 0 integration by closing the contour up for x 0 < 0 and down for x 0 > 0, Eq. (40) becomes
with
Comparing Eq. (39) with Eq. (42), we see that we need to show that the action of the creation and annihilation operators on the vacuum implies that
We shall do this in two stages, by first considering the equal time match at x 0 = 0, and then extending to consider the cases x 0 > 0 , x 0 < 0 by using the Heisenberg representation time evolution of Ψ j (x).
Since the Hamiltonian is time independent, we are free to take the time argument t in Eqs. (53) and (54) as t = 0, which we shall do in the remainder of this section.
We now use these three separate pieces of H to determine the time evolution of the mode operators in the corresponding sectors given in Tables II, III , and IV. Beginning with the 3 − 4 sector in Table II , we define
Differentiating with respect to time and using the anticommutators of Table II we get
which can be immediately integrated to give
that is,
Turning next to the 1 − 5 sector in Table III , we define
Differentiating with respect to time we get
which using the anticommutators of Table III gives the coupled differential equations
The second of these equations can be immediately integrated to give
substituting this into the first equation and integrating then gives
that is
An analogous calculation for the 2 − 6 sector, using the anticommutators of Table IV , gives
For the application of the next section, we only need the time evolution of the operators b 1,... Tables III and IV. IV. CONCLUSION We have given a detailed analysis of the free field structure of the model [1] in which a spin- 3 2 Rarita-Schwinger field is directly coupled to a spin-1 2 field. We have shown that many properties, such as the action of the creation and annihilation operators on the vacuum state, the Dirac hole construction, and the propagator construction using the Feynman iǫ prescription, are the ones familiar from conventional spin- 
